Extraction of titanium and chromium oxides may be achieved via roasting the respective minerals with alkali at high temperatures, followed by water and organic acid leaching. In this study, sodium and potassium hydroxides are used as alkali for roasting of chromite ores and ilmenite mineral concentrates. The thermodynamic analysis of the roasting process is discussed in terms of designing the process. Samples of chromite and titaniferous minerals were roasted with NaOH and KOH in a temperature range of 400°C-1000°C in an oxidising atmosphere. The roasted chromite and ilmenite samples were further processed in order to extract water-soluble Na 2 CrO 4 from the reacted chromite and purify titanium dioxide from titaniferous minerals, respectively. The TiO 2 purity obtained after roasting at 400°C with NaOH and double leaching was 49.2 wt.%, whereas when using KOH the purity was 54.5 wt.%. The highest TiO 2 purity obtained after roasting at 1000°C for 2 h and double leaching with water and organic acids was 84 wt.%. At low temperature (400°C) the recovery of chromium was higher for chromite roasted with KOH than for chromite roasted with NaOH. However, at high temperatures (700°C and 1000°C) chromium recoveries were similar when roasting with both hydroxides. Around 95% chromium extraction yield was achieved when chromite was roasted with sodium and potassium hydroxides at 1000°C for 2 h and water leached.
Introduction
For the last 40 years, global economic growth has resulted in a rapid increase in the demand for a range of metals and metal oxides for high technology applications, including titanium dioxide (TiO 2 ) and chromium oxide (Cr 2 O 3 ) (Brown et al., 2015) . This has led to a rise in the consumption of their mineral oxides, TiO 2 and Cr 2 O 3 , derived from ilmenite and chromite, respectively. As a consequence, the amount of waste generated and the energy required to treat the mineral feedstock has placed an increasing strain on the global environment. The world total production of titaniferous minerals and chromite ores and concentrates for the period 1971-2013, in millions of metric tonnes, is compared in Fig. 1 .
Bearing the fact that the environment burden on industry is increasing, research must focus on the development of alternative processing routes, which alleviate the problem of wastes, materials and energy, by reducing the time for processing and reducing the waste volume at the end of the process. One of the reasons why we have undertaken comparative studies of chromite ore and titaniferous minerals is that often small concentrations of chromium oxide (0.1 to 0.5 wt.%) are found in ilmenite, and TiO 2 in chromite deposits, especially from S.
Africa. The presence of Ti metal as an impurity in Cr for steel making is undesirable, and also the strong green colour of Cr 3+ in TiO 2 is not acceptable. For this reason, in this article a novel approach, based on alkali roasting at moderately high temperatures followed by leaching at low temperatures has been investigated for the treatment of titanium oxide minerals and chromium ores. The present work is focussed on studying the physico-chemical changes that occur during the alkali roasting of ilmenite mineral concentrates and chromite ores, using sodium and potassium hydroxides. The thermodynamics of alkali roasting for both minerals is also analysed by computing Gibbs energies of relevant reactions.
and waste management, when compared to the sulphate process (Rosenbaum, 1982) . However, due to the limited supply of natural rutile and increasing usage of the chloride process, it has become necessary to produce synthetic rutile by upgrading ilmenite (Mackey, 1994) . Several processes exist for the upgrading of ilmenite, with the Becher process being an example of one employed on a commercial scale (Zhang et al., 2011 The pre-oxidised ilmenite is reduced with coal at 1200°C in a rotary kiln, converting the iron oxide to metallic iron: Fe 2 O 3 Á TiO 2 þ 3 CO→2 Fe þ TiO 2 þ 3 CO 2 :
ð1:2Þ
The metallic iron is oxidised and precipitated using an aeration process where ammonium chloride is used as a catalyst (Farrow et al., 1987) . After the removal of precipitated iron, any remaining iron is removed by leaching with sulphuric acid, leaving behind synthetic rutile with around 93 wt.% TiO 2 (Becher et al., 1965; Filippou and Hudon, 2009) Indeed the Becher process involves high-temperature oxidation, followed by metallisation and then leaching. The iron derived is not available in a suitable metallic form for iron or steelmaking.
Alkali treatment of ilmenite and titanium bearing ores at high temperatures has been extensively studied. This includes work by Foley and MacKinnon (1970) that involved roasting of ilmenite with potassium and sodium carbonates, at 860°C, and subsequent leaching of the alkali titanates formed, with hydrochloric acid (HCl). Kinetics and reaction mechanism of soda ash roasting of ilmenite, in the 600°C-900°C temperature range, was studied by Lahiri and Jha (2007) . Sanchez-Segado et al. (2015a) further studied alkali roasting of Bomar ilmenite with sodium, potassium and lithium carbonates and hydroxides, followed by acid leaching in order to produce synthetic rutile. They were able to achieve 97% pure TiO 2 from a feedstock containing 75% TiO 2 , after leaching for 5 h. Further studies have focussed on direct leaching of ilmenite in aqueous solutions of potassium or sodium hydroxide and followed by acid leaching. Nayl and Aly (2009) decomposed ilmenite in an aqueous solution of KOH and investigated this route by using a range of acids to produce high-grade TiO 2 . Amer (2002) pressure-leached ilmenite at a high temperature with NaOH before leaching with HCl to produce high-grade TiO 2 . Lahiri and Jha (2009) roasted ilmenite with KOH and were able to selectively separate the rare earths that were present. Manhique et al. (2011) investigated the roasting of ilmenite with NaOH at different temperatures but no comparison was made with other alkali salts.
Chromium extraction from chromite ore
Chromium is present in many different minerals, nevertheless, just chromite ore, which can be expressed with the general formula (Fe a Mg (1 − a) )(Cr b Al (1 − b) ) 2 O 4 , is used for commercial extraction of chromium (Maliotis, 1996) . Chromites often have up to 1.5% TiO 2 , with Ti ions occupying octahedral sites in the spinel structure. Chromium compounds are widely used in manufacturing of metals and production of chromium-based chemicals and refractory materials (Ding and Ji, 2003) . The estimated world production of chromite ore in 2014 was 29 million metric tonnes (Brown et al., 2015) . The global resources of shipping-grade chromite are more than 12 billion tonnes, with about 95% of them located in Southern Africa and Kazakhstan (U. S. Geological Survey, 2015) . Chromium is an important alloying element for increasing the oxidation resistance of iron and nickel in high-alloy steels and super alloys. Different chromium chemicals are also used as pigments, in electroplating, as mordant in the leather industry and for manufacturing of refractory materials.
Current technologies for chromite ore processing present serious environmental problems associated with waste disposal. Previous research reported that around 15 wt.% of chromium oxide present in chromite does not react in traditional alkali roasting process, which then generates a chromite ore processing residue (COPR) containing about 0.1 to 0.2 wt.% Cr 6+ . Landfilling is the traditional method of waste disposal and has become a significant source of hazardous hexavalent chromium . Various processes such as soda-ash roasting , acid leaching (Geveci et al., 2002; Zhao et al., 2014) , alkali leaching (Xu et al., 2005; Zhang et al., 2010) and alkali fusion (Hundley et al., 1985) have been developed for the processing of chromite ores in order to produce sodium chromate (Na 2 CrO 4 ), which is the primary product used for the manufacturing of different chromium chemicals. Because of economic and technical reasons, just soda-ash roasting has been used worldwide on a commercial scale, either in a rotary kiln or in a rotary hearth furnace. In this process, the extraction of chromium is achieved via roasting the mineral with alkali salts (usually sodium carbonate). Chromite ore and sodium carbonate are roasted at temperatures ranging between 900°C and 1200°C in oxidative atmosphere Sodium chromate formed during roasting is selectively leached out with water from the roasted calcine. The residue after water leaching is a Fe and Mg-rich phase which also contains trapped hexavalent chromium. This residue needs to be landfilled which inevitably represents a hazardous source of hexavalent chromium, being considered highly toxic and hazardous for human beings and the environment (Nickens et al., 2010) . Sodium dichromate is produced from sodium chromate solutions by acidification with sulphuric acid and further crystallisation (Arslan and Orhan, 1997 The addition of lime to the soda-ash roasting of chromite solved some technical problems of the traditional roasting process, improving therefore its efficiency. The addition of lime enables the neutralisation of silica by forming silicates, enhancing the oxygen diffusion and reducing the amount of alkali consumed. On the other hand, the formation of highly volatile calcium chromate (CaCrO 4 ) contributes to air-bone Cr +6 pollution and reduces the process efficiency. These are the main limitation of the lime process (Kowalski and Gollinger-Tarajko, 2003) .
Much later the lime-free process was developed, which is able to overcome the environmental problems associated with CaCrO 4 . Nowadays, the lime-free technology has been industrially adopted in most developed countries as an alternative to a dolomite-based process. However, it is limited to ores with silica content lower than 1% (Maliotis, 1996) due to its negative effect on the oxygen transport at the reaction interface.
Much research work has been carried out in an attempt to: optimise the process parameters of alkali roasting of chromite ore and establish the kinetics and the mechanisms of the reaction (Te'pish and Vil 'nyanskii, 1969; Tathavadkar et al., 2001 Tathavadkar et al., , 2003 Antony et al., 2006; Sanchez-Segado and Jha, 2013) . Maximising the yield of sodium chromate is therefore the main challenge, for both economic and environmental aspects associated with the manufacturing of chromium compounds from chromite ores. In this paper we aim to maximise the extraction yield of Cr 6+ from alkali roasted minerals. 
Experimental

Ores and reagents
South African chromite and ilmenite ores were used in this study. The X-ray fluorescence (XRF) analysis of the as-received ilmenite and chromite ores are presented in Table 1 . Physico-chemical characterisation of the ores is discussed in further detail in the Results and discussion section. Reagent and chemical grades of NaOH, KOH, oxalic acid and ascorbic acid were used in this investigation.
Experimental setup
All roasting experiments were performed in an electrically heated stainless-steel tube furnace where the temperature was controlled by a programmable temperature-controlling device. For every experiment, known amounts of mineral and alkali salt (NaOH or KOH) were mixed by grinding and placed in a cylindrical alumina crucible. The molar ratios used are shown in Table 2 . Samples were isothermally roasted in air atmosphere at a fixed temperature ranging from 400°C to 1000°C depending on the experiment.
A first set of alkali roasting experiments was carried out using NaOH and KOH, in which the roasting temperatures 400°C, 700°C and 1000°C were investigated. A summary of these experiments is presented in Table 2 .
All chromite roasted samples were leached in water for 2 h at 60°C with continuous stirring. Roasted ilmenite samples were treated in a two-stage leaching process, where the first step involved water leaching and this was followed by organic acid (mixture of 0.25 M oxalic and 0.01 M ascorbic acid) leaching for 2 h, so as to obtain TiO 2 -rich residue. During the acid leaching, the leachates were sampled at different times for chemical analysis by atomic absorption spectroscopy (AAS).
In a different set of experiments, chromite samples were roasted at different times (15 min-2 h) with excess NaOH and KOH at 1000°C. These samples were water leached and the remaining residues were analysed.
Characterisation techniques
After roasting and leaching, the powder samples were analysed using a Philips X'Pert X-ray diffractometer. Samples were analysed over an angle 2θ with a maximum range of 5 to 85°, using Cu-Kα radiation. X'Pert HighScore Plus database software was used for phaseidentification of the XRPD patterns obtained. Scanning electron microscopy (SEM) including the use of energy-dispersive X-ray spectrometry (EDX) was used to study the microstructure. X-ray fluorescent diffraction (XRF) was employed for analysing the chemical composition of solid samples. The leachates from acid leaching after roasting ilmenite were analysed by atomic absorption spectroscopy (AAS).
Results and discussion
3.1. Ore characterisation 3.1.1. Characterisation of ilmenite ore Ilmenite has a hexagonal structure containing two cations, titanium and iron, which form alternating bilayers perpendicular to the c axis (Wilson et al., 2005 is less than 15%, which means that extensive ionic substitution may be possible between these two ions (Klein and Philpotts, 2012) . The crystal structure of ilmenite mineral is presented in Fig. 2. An example of the powder diffraction pattern of ilmenite concentrate is shown in Fig. 3 . The main phases identified therein are ilmenite, pseudorutile (Fe 2 Ti 3 O 9 ) and titanium aluminium oxide, with ilmenite being the dominant phase.
Backscattered scanning electron microscopy (SEM) images of the asreceived ilmenite sample are presented in Fig. 4 . Analysis of these images shows that the main phase present is FeTiO 3 , which confirms the XRPD data in Fig. 3 . The SEM analysis confirms the presence of manganese as a solid solution with the ilmenite phase. Cross-sectional analysis of individual particles, as exemplified in Fig. 4a , shows that there are titanium-rich and iron-rich areas. Dark-grey phase (area A in Table 3 ) is rich in titanium. This represents the pseudorutile phase which forms during weathering of ilmenite, as identified by Teufer and Temple (1966) . The presence of pseudorutile confirms the evidence for weathering of ilmenite, in which the ferrous iron is oxidised to a ferric state. One-third of such iron is leached out, forming the pseudorutile (Grey and Reid, 1975) as shown in Fig. 3 . Weathering also leads to the depletion of manganese. Analysis of the light grey phase (area B in Table 3 ) reveals that the composition of this phase is consistent with that of ilmenite. Fig. 4a is a low magnification image of ilmenite which shows that the predominant phase is ilmenite, with some weathered ilmenite also present.
Characterisation of chromite ore
Chromium is present in complex oxide minerals, occasionally combined with iron oxides and other transition metal oxides such as manganese, titanium, vanadium, niobium and tantalum (Sanchez-Segado et al., 2015b (Pauling, 1929) , some mineral structures may need to locate a certain number of ions while they tend to have limited different atomic positions within the crystal lattice. As a consequence, when a mineral has a complex composition with limited structural positions chemical elements substitute for each other in specific atomic sites, giving as a result what is called solid solution (Klein and Philpotts, 2012) . This is applicable to chromite minerals, which is a solid solution of four different spinels from a combination of the following potential end members: (Tathavadkar et al., 2004) .
The chemical composition of South African chromite, presented in Table 1 , is considered to be of chemical grade, as it has high chromium content (48.8 wt.% Cr 2 O 3 ) and a Cr:Fe weight ratio of 1.52:1 (with 1.5-2:1 being the required ratio). Even though the silica content is not high (3.45 wt.% SiO 2 ), less than 1% silica content is desirable for chemical grade chromites (Maliotis, 1996) so as to reduce the formation of alkali and alkaline earth silicates.
A backscattered SEM image of the as-received chromite is shown in Fig. 6 . Two phases can be clearly differentiated: light grey particles (A, B, D) and slightly darker grey particles (C) corresponding to chromite spinel and siliceous gangue particles, respectively. The EDX-SEM elemental analysis of areas A-D are shown in Table 4 , from which it is evident that the composition of chromite ore is fairly uniform on microscopic scale and does not vary significantly from one particle to another. The gangue phase is mainly composed of silica combined with aluminium and calcium, which agrees with XRPD results in Fig. 5 .
From a crystal structure view point the chromite spinel is considered a complex mixed-crystal system with oxygen atoms arranged in a face centred cubic close-packed spinel lattice. octahedrally coordinated with oxygen (Burns, 1993) . The crystal structure of chromite can be seen in Fig. 7 .
Treatment of chromite and ilmenite by alkali roasting is highly influenced by the mineralogy and chemical composition of the ore (Tathavadkar et al., 2004) , thus the characterisation of the mineral is a critical step. In the majority of chromite ores from South Africa, the ilmenite mineral is present in the solid solution form, which is possible due to the small size differences amongst the participating cations (Tathavadkar et al., 2004 Fig. 8 (Roine and Outokumpu, 2002) . From the Gibbs energy plots (Fig. 8) , it is evident that both reactions are thermodynamically favourable in the experimental operating range (400°C to 1000°C). Reaction (3.1) is more favourable than the reaction (3.2). Reaction (3.2) becomes slightly more positive as the temperature increases, whereas reaction (3.1) becomes significantly more negative. This means that from the ΔG calculation it can be concluded that the formation of potassium titanate (K 2 TiO 3 ) is thermodynamically more favourable than the formation of sodium titanate (Na 2 TiO 3 ). chromium-containing spinels during alkali roasting using either NaOH or KOH is summarised by reactions (3.3) to (3.6):
ð3:6Þ According to Fig. 9 , the Gibbs energy values for KOH reactions (3.4) and (3.6), are more negative than the values for NaOH reaction (3.3) and (3.5), implying that the formation of K 2 CrO 4 in oxidising atmosphere is more favourable.
The plot in Fig. 9 shows that, below 1300°C, the Gibbs energy values for FeCr 2 O 4 reactions are more negative than those for MgCr 2 O 4 reactions. This indicates that MgCr 2 O 4 is more stable than FeCr 2 O 4 and thus harder to decompose below 1300°C. Sun et al. (2007) explained the difference between the reactivity of iron and magnesium chromites in oxidising atmosphere taking into account the changes in the crystal structure due to the Fe 2+ → Fe 3+ oxidation step.
Both sodium and potassium hydroxides do not only react with chromite spinels but also combine with other spinel members and silicate impurities as shown in reactions (3.7) to (3.16).
Fig. 12. Scanning electron microscopy elemental mapping images of water leached residue from ilmenite roasted with NaOH at 400°C. Fig. 13 . Backscattered scanning electron microscopy elemental mapping images of water leached residue from ilmenite roasted with KOH at 400°C: a) low magnification, b) high magnification.
ð3:16Þ
By comparing ΔG values in Figs. 9 and 10, it is possible to deduce that the Na 2 CrO 4 and K 2 CrO 4 are more stable than the rest of phases formed via alkali roasting, e.g. NaAlO 2 , NaFeO 2 , Na 2 SiO 3 , KAlO 2 , KFeO 2 and K 2 SiO 3 . Note that ΔG figures for reaction (3.16) were not plotted as values are very positive (1343.97 kJ/mol, T = 1000°C) and therefore not comparable with the rest of the reactions. The chromate phases form preferentially in comparison with the rest of alkali compounds, which favours the extraction of chromium from chromite spinel. However, previous research on thermodynamics of chromite ore roasting with soda-ash (Na 2 CO 3 ) reported that reactions (3.7) to (3.16) do occur during the process. Tathavadkar et al. (2001) suggested the presence of these compounds during roasting of chromite ore with excess Na 2 CO 3 and highlighted its adverse effect on oxygen diffusion by decreasing the eutectic temperature of the Na 2 CO 3 -Na 2 CrO 4 binary liquid. Qi et al. (2011) explained the thermodynamics of chromite roasting with Na 2 CO 3 and proved the formation of these compounds (sodium ferrite, sodium aluminate and sodium silicates) during roasting, suggesting that they may act as intermediate compounds which can further react with chromite spinels to form sodium chromate. If we apply this to roasting of chromite with NaOH and KOH, and considering the excess alkali used in this study, then the formation of sodium ferrite, aluminate and silicates are thermodynamically expected.
Processing of ilmenite minerals by alkali roasting and water leaching
The effects of roasting with NaOH and KOH were investigated by roasting ilmenite mineral samples at different temperatures (400°C, 700°C and 1000°C) with excess of alkali (FeTiO 3 :MOH = 1:3.8). XRPD patterns of roasted samples at 400°C and 700°C with both alkali salts are presented in Fig. 11 .
When roasting at 400°C the reactions do not appear to have gone to completion as some of the alkali salts remained in the roasted products for both KOH and NaOH, as seen in Fig. 11a and b , respectively. The phases formed when roasting with KOH at 700°C were potassium titanate, potassium ferrite and potassium iron titanate, as observed in Fig. 11c . In Fig. 11d it can be seen that the phases formed during the roasting at 700°C with NaOH are sodium titanate and sodium ferrite. The XRPD patterns presented in Fig. 11 depict the formation of alkali titanates and alkali ferrites, which agrees with findings by previous authors (Lahiri and Jha, 2009; Manhique et al., 2011) .
Roasted samples were leached in hot water (60°C) for 2 h. Iron, which remains as the main impurity, is present as a result of the hydrolysis of the alkali ferrites following reactions (3.17) to (3.19) and due to the formation of ternary phases (Foley and MacKinnon, 1970; Sanchez-Segado et al., 2015a) . This was confirmed due to the increase in pH that was observed during the water leaching stage.
The effect of roasting with NaOH and KOH was studied at different temperatures (400°C, 700°C and 1000°C) with excess of alkali (FeTiO 3 :MOH = 1:3.8). Roasted samples were leached in hot water (60°C) for 2 h.
The water leached residues were analysed by SEM. Fig. 12 shows that roasting with NaOH at 400°C results in extensive transgranular cracks throughout the ilmenite structure. This is likely due to a significant partial pressure of H 2 O during the roasting experiments (Sanchez-Segado et al., 2015a) . The partial pressure of water for roasting with NaOH at 400°C (reaction (3.2)) was calculated to be 5.62 × 10 8 atm. These cracks promote the diffusion of the Na + ions throughout the structure, leading to the formation of sodium titanate. At temperatures below 550°C binary phases of sodium titanate and sodium ferrite (Manhique et al., 2011) form. This process leads to the segregation of iron oxide from sodium titanate, as seen in Fig. 12 . The iron present here is likely due to the hydrolysis of the sodium ferrite, as described in reaction (3.18). A pH increase during the water leaching confirms reactions (3.17) to (3.19). The SEM results in Fig. 12 broadly agree with the E h -pH diagram presented in reference (Lahiri and Jha, 2009) . It is also likely that the NaOH has reacted with pseudorutile phase to form sodium titanate on the periphery of the particle. In Fig. 13 , the SEM of the water leached residue after roasting with KOH at 400°C shows that these particles have depicted a different microstructure when compared to those roasted with NaOH. When roasting with KOH the particles have a cotton-seed like morphology, unlike the transgranular cracks observed when roasting with NaOH. It is also clear that there is limited segregation between iron and titanium, suggesting the formation of a ternary phase of potassium iron titanate, where potassium ions substituted titanium and/or iron atoms present in the ilmenite lattice (Manhique et al., 2011) . This potassium iron titanate phase was also observed in the XRPD pattern (Fig. 11a ) of the roasted sample before water leaching. KOH has reacted with ilmenite by forming K-Ti-Fe-O (K = 10%, Ti = 32.7%, Fe = 26.3%, O = 25.9%) ternary phase which was analysed by SEM-EDX analysis as (K = 10%, Ti = 32.7%, Fe = 26.3%, O = 25.9%). The K-Ti-Fe-O ternary oxide did not decompose into potassium titanate and potassium ferrite.
Formation of high grade TiO 2
In order to determine the optimal conditions for the upgrading of the TiO 2 content by organic acid leaching, the E h -pH diagrams of the K-TiFe-O-H and the Na-Ti-Fe-O-H systems presented by other authors (Lahiri, 2010; Ephraim and Jha, 2015) were studied. These have shown that the optimal conditions are achieved when the pH is below 4, in slightly reducing conditions. For these reasons, a mixture of oxalic acid and ascorbic acid was used during the acid leaching stage. Ascorbic acid was used for its known reduction potential (Suter et al., 1991) . Table 5 shows the TiO 2 content of the residues after the roasting and two-stage (water and acid) leaching process. It is clear from this table that the TiO 2 content after roasting with NaOH is higher compared with KOH roasting. Recovery of TiO 2 increases with temperature for samples roasted with NaOH, as seen in the table. This is because of the increasing tendency for the formation of sodium titanate and sodium ferrite as observed by other authors (Lahiri and Jha, 2007) . The presence of iron in the samples roasted with NaOH may be due to the presence of unreacted ilmenite, as this phase was observed in the XRPD pattern for the sample roasted with NaOH at 700°C and then leached with organic acid (Fig. 16) . However, the maximum recovery was achieved at 700°C but it decreased at 1000°C for the sample roasted with KOH. The decreased recovery of TiO 2 was caused by formation of a complex less soluble K-Fe-Ti-O phase. Even though previous authors have been leaching the samples for several hours (N 4 h) our leaching time was limited to 2 h. Short leaching times may save a lot of time and increase production and hence requires investigation (Sanchez-Segado et al., 2015a) .
After water leaching of the ilmenite roasted at 700°C, the resulting residues were leached with the organic acid mixture. A sample of the acid leach solution was taken at different time intervals for analysis by AAS, in order to study the extraction of key metals (Fe, Na and K) with time. The AAS results from samples roasted at 700°C are presented in Fig. 14. Fig. 14a shows the extraction of iron and sodium during the course of the organic acid leaching, while Fig. 14b shows the extraction of iron and potassium. In Fig. 14a , the extraction of both metals begins rapidly with the reaction being almost complete after 80 min. In Fig. 14b , the curve has a similar profile to that observed in Fig. 14a . Fig. 15 . Backscattered images of two-stage leaching residues: a) ilmenite roasted with NaOH at 700°C and b) ilmenite roasted with KOH at 700°C. Table 6 Elemental composition of areas A to E in Fig. 15 The SEM images of the residues after the two-stage leaching process were analysed by EDX and the results are presented in Fig. 15 and Table 6 . Fig. 15a shows that the TiO 2 particles are fine and iron, the major impurity, is present in solid solution with the TiO 2 , which is confirmed by observing Table 6 .
The two-stage leaching of the ilmenite roasted with KOH clearly did not produce TiO 2 of the same quality when compared to NaOH, according to results presented in Table 5 . The removal of iron and alkali is less when compared to the NaOH experiments. SEM analysis of the acid leach residue in Fig. 15b shows that the iron and titanium are present together as FeTiO 3 . The final residue after ilmenite roasting with NaOH at 700°C and the two-stage leaching process is presented in Fig. 16 , from which it is evident that the dominant phase is anatase and the remaining impurity is iron, present as ilmenite. Further optimisation of the roasting chemistry is necessary in order to avoid unreacted ilmenite and maximise the final TiO 2 yield.
Processing of chromite ore by alkali roasting and water leaching
Chromite ore was roasted with excess NaOH or KOH in air atmosphere at three different temperatures, 400°C, 700°C and 1000°C. Roasted samples were water leached for 2 h at 60°C. A summary of the experiments carried out is presented in Table 2 . Water leached residues were analysed by XRF and XRPD in order to quantify the residual chromium and the main phases present. The results are presented in Table 7 and Fig. 17 .
It can be seen from Table 7 that chromite spinel does not undergo significant decomposition when roasted with alkali at 400°C. This is corroborated by XRPD patterns in Fig. 17 , where it can be seen that chromite spinel is the main phase in the water leached residues after roasting at 400°C with both hydroxides. According to Table 7 , potassium hydroxide seems to be more reactive than sodium hydroxide at low temperature. However, above 400°C small differences in the extraction yield were found which justify the use of sodium hydroxide because of its lower price. In Fig. 18a , a backscattered SEM image of a water leached residue after chromite roasting with KOH at 400°C is presented, from which it is apparent that chromite particles remained unreacted.
When the reaction is carried out at 700°C, the percentage of chromium in the residue is still significantly high at 24.7 wt.% Cr 2 O 3 for NaOH and 24.5 wt.% Cr 2 O 3 for KOH, indicating that the chromite structure was not completely destroyed at this temperature. Looking at the structure of the water leached residue particles after roasting of chromite with KOH at 700°C, presented in Fig. 18b , a partially reacted chromite core (bright phase) depleted in chromium can be observed. This is confirmed by the XRPD patterns for KOH at 700°C (Fig. 17) where Mg-Fe-Al and Mg-Cr-Al spinel phases are present. The SEM image shows that the core is surrounded by a reaction layer (darker phase). The Shrinking-core model has been applied to the chromite roasting by previous authors (Xu et al., 2006) . At 1000°C, chromite ore reacted to a significant extent with alkali and most chromium was extracted as sodium or potassium chromate by water leaching. The wt.% of Cr 2 O 3 decreased from 48.8% in the asreceived chromite sample to 3.65% and 3.73% in the water leached residues after roasting with sodium and potassium hydroxides, respectively.
During alkali roasting, the Cr 3+ cations diffuse towards the reaction zone where they combine with Na + /K + to form water-soluble Reaction (3.20) shows the formation of NaFeO 2 by reaction of MgFe 2 O 4 with NaOH. The Gibbs energy value for this reaction at 1000°C, computed using HSC 5.1 software (Roine and Outokumpu, 2002) , is − 27.6 kJ per mol of MgFe 2 O 4 reacted, which indicates that MgFe 2 O 4 may react with excess alkali to form MgO and water-soluble NaFeO 2 when roasting is carried out at 1000°C:
During water leaching, the separation of NaFeO 2 into NaOH and Fe 2 O 3 takes place, followed by precipitation of iron oxide which remains in the residue. This was also described in the previous section for water leaching of alkali roasted ilmenite samples. The main phases found in the residue after water leaching are MgO, Fe 2 O 3 , MgFe 2 O 4 and sodium aluminium silicate, as shown in the XRPD pattern in Fig. 17 . Some free silica is also observed, as apparent from the elemental mapping in Fig. 19 .
Roasting time effect on chromium extraction
Chromite ore samples were roasted with NaOH and KOH at 1000°C for different periods of time (15 min to up to 2 h) and subsequently water leached for 2 h at 60°C. The molar ratio Cr 2 O 3 :MOH was kept constant at 1:7.8. The XRF analysis of the residues after water leaching was used to calculate the extraction yield according to the equation below. Chromium extraction profiles are presented in During the early stages of reaction, extraction kinetics is slower for NaOH compared with KOH reaction as shown in Fig. 20 , which might be due to extensive fracture of particles caused by potassium ions. The fractured surface area is larger in K + ions than with Na + ions (Sanchez-Segado et al., 2015b) . Eventually, the two extraction curves converge and the final chromium extraction is quite similar for both the hydroxides, yielding slightly above 95% extraction efficiency at 1000°C for 2 h, respectively. A SEM micrograph and line scan analysis of a water-leached sample previously roasted with NaOH at 1000°C for 30 min can be seen in Fig. 21a . After 30 min of reaction, a clearly defined reaction layer can Fig. 18 . Backscattered SEM images of water leached residues after roasting of chromite ore with KOH at a) 400°C and b) 700°C. Fig. 19 . Backscattered SEM image and elemental mapping of a water leached residue after chromite ore roasting with NaOH at 1000°C. be differentiated from the unreacted chromite core. The reaction product is composed of two distinct phases, an inner layer surrounding the unreacted core and an outer layer. The difference in colour intensity of the two rings indicates that there is a difference in chemical composition between them, which was confirmed by line scan and chemical analysis of the particle using EDX. The chemical composition of the three distinct areas indicated in Fig. 21b was also analysed by SEM-EDX, presented in Table 8 .
Line scan in Fig. 21b shows how both chromium and aluminium concentrations progressively decrease as you move towards the reaction interface, where reaction with alkali forms water-soluble Na 2 CrO 4 and NaAlO 2 . In the first stages of the reaction, the oxidation of Fe 2+ present in the chromite spinel to Fe 3+ occurs, via voids generated in the spinel structure as a consequence of this oxidation process (Tathavakar et al., 2005) . These structural vacancies promote the diffusion of Cr 3+ outwards the chromite grain. Iron diffuses from the chromite spinel structure to the reaction layer, where it can mainly be found in the outer ring not in the inner one as seen in the Fe line scan graph in Fig. 21b . Magnesium ions are present in the outermost part of the reaction layer and are likely to combine with iron to form MgFe 2 O 4 . This is in agreement with the elemental analysis shown in Table 8 , where it can be seen how Fe and Mg are more concentrated in the outer layer than in the inner one. The results show that the wt.% of chromium in the inner layer is higher, which can be due to the relatively lower concentration of Fe and Mg. Fig. 21 . a) Backscattered SEM image of a residue particle after chromite roasting with NaOH at 1000°C for 30 min and water leaching and b) line-scan analysis from points A to B in a higher magnification area. , a weathered phase from ilmenite.
• Comparison of the roasting process thermodynamics for chromite and ilmenite highlights some similarities. The main conclusion obtained is that the roasting step is thermodynamically more favourable when using KOH as compared to NaOH, for both ilmenite and chromite.
• In the case of ilmenite, it was observed that treatment with NaOH yielded better results when compared with KOH. The maximum purity of TiO 2 obtained when using NaOH was 84 wt.% TiO 2 , whereas 62.5 wt.% TiO 2 was the maximum obtained when using KOH. These residues were obtained after a shortened leaching time of 2 h. Optimisation of alkali roasting is needed to improve the purity of TiO 2 obtained. For chromite treatment, the results for both hydroxides were found to be comparable, achieving 95.3% and 95.4% of Cr extraction for NaOH and KOH, respectively, when roasting at 1000°C for 2 h and water leaching.
• The extraction yield of TiO 2 increases with the roasting temperature up to 700°C. Above 700°C, for NaOH the temperature had a negligible effect. Meanwhile, for KOH the increased temperature had a negative effect on the grade of TiO 2 obtained. This was different for chromite roasting where at 700°C a significant amount of unreacted chromite was still present; while at 1000°C, the reaction with both alkali salts was almost complete with a remaining processing residue containing a maximum value of 3.7 wt.% Cr 2 O 3 .
• At 1000°C, KOH was found to be more reactive during the initial stages of chromite ore roasting, giving a better extraction yield than NaOH up to approximately 70 min. After this point, the extraction curves converge resulting in a similar extraction yield after 2 h.
